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Abstract 

A new organic inorganic hybrid (C8H12N)ClO4 has been synthesized and characterized  by 

spectroscopic (FT-IR,
13

C NMR and UV-Visible) and single crystal X-ray studies. These

properties of 2-methylbenzylammonium perchlorate were also evaluated by DFT method.  

The title compound crystallized in the monoclinic space group P21/c at room temperature by 

slow evaporation with the following parameters a = 6.8894 (5) Å, b = 4.9146 (4) Å, c = 

29.6565 (18) Å,  = 96.006°, Z = 4 and V= 998.62(12) Å
3
. The crystal packing is determined

by N–H…O, C–H…O hydrogen bonds and C–H…π interactions. The intermolecular 

interactions in the crystal structure were quantified and analyzed using Hirshfeld surface 

analysis. In addition the vibrational assignments, chemical shifts and geometrical parameters 

(bond lengths, bond angles, torsion angles) of the compound were calculated and found in 

good agreement with experimental results as well as the 
13

C  NMR spectra are in agreement

with the X-ray structure. Furthermore, the optical properties of the synthesized compound 

were investigated by UV-Vis and luminescence spectroscopy. Molecular electronic potential 

(MEP) has been calculated by the DFT calculation method. Reduced density gradient (RDG) 

and atoms in molecules (AIM) studies have also been performed to investigate the nature and 

strength of hydrogen bonding interactions. Also the HOMO and LUMO analysis have been 

used to confirm the experimental energy band gap of the compound. Finally, the biological 

activities of the new compound against four bacteria are also tested showing promising 

antimicrobial activity. 

Keywords: Hybrid material; XRD; NMR; DFT calculations; Hirshfeld surface; antimicrobial 

activity. 
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1. Introduction   

In the last decades organic-inorganic hybrid compounds has attracted considerable and 

remarkable attention in solid state chemistry due to their ability to combine both the 

properties of inorganic compounds such as electronic properties and organic molecules such 

as flexibility, luminescence and photosensitivity. This symbiosis between two types of 

chemistry for too long considers being as antagonists gives birth to completely new properties 

and opens up a vast field of investigation for the chemist. In this context, these hybrid 

materials are used in a wide range of applications such as biology [1,2], medicine [3,4], 

optics, electrical conductivity, photochemistry [5,6] and photo catalysis [7]. Moreover hybrid 

compounds play an important role in cell metabolism; they are involved in energy transfer 

due to their richness in intermolecular interactions via hydrogen bridges. 

In particular hybrid compounds based on perchlorates have brought current interest 

because of its chemical properties and their physical nature. They are characterized by their 

extreme solubility and poor adsorption [8]. Perchlorates (ClO4
-
) occur naturally in nitrate 

deposits and potash ore. It can also be present in air, soil and water. It has also been detected 

in a variety of food products such as milk [9], lettuce and wheat [10,11]. Furthermore 

Environmental perchlorate exposure is of potential health concern since it can work by 

disrupting the function of the thyroid gland, or by hindering the absorption of iodine, high 

doses of perchlorate have been used to treat hyperthyroidism in humans [12-14]. 

The present work was attempted the new hybrid compound 2-methylbenzylammonium 

perchlorate with formula (C8H12N)ClO4. The new material has been characterized by X-ray 

diffraction to determine the crystallographic characteristics and atomic arrangements. Besides, 

Hirshfeld surface analysis and the associated contacts enrichment ratio (ER) were investigated 

to evaluate the contributions of different intermolecular interactions. It also makes use of the 

infrared spectroscopy to identify the different vibrational assignments present in the 

compound. The UV-visible was used for investigation of electronic transitions, and the optical 

band gaps for the title compound. 

The theoretical investigation was performed and compared to the experimental results. The 

molecular electrostatic potential (MEP), frontier orbitals (HOMO-LUMO), topological 

properties AIM and RDG were obtained computationally. 
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2. Experimental details 

2.1. Synthesis and crystallization 

 

Stoichiometric solution of perchloric acid (0.1 g, 1 mmol, purity 70%, Aldrich) is added drop 

wise to a solution of 2-methylbenzylamine (0.1 g, 1 mmol, purity 96%, Aldrich) dissolved in 

ethanol. The mixture is left under stirring at room temperature for 30 minutes. Two weeks 

later single crystals of (C8H12N)ClO4 are formed into fine colorless needles. The crystals can 

be stable for month under normal conditions of temperature and humidity. Schematically the 

reaction can be written as follow: 

C8H11N + HClO4     
        EtOH /H2O       
                 C8H12N ClO4 

 

Elemental analysis, calc. (found): C, 43.43% (43.32); H, 5.41% (5.38) ; N, 6.32% (6.35).  

2.2. X-ray data collection and physical measurements 

Diffraction data of the title compound was collected at 150K  with D8 VENTURE Bruker 

AXS diffractometer equipped with graphite monochromatic MoKα radiation ( λ= 0.71073Å). 

Absorption corrections were performed using the multi-scan technique using the SADABS 

program [15]. The total number of measured reflections was 7298 among which 2282 were 

independent and 1948 had the intensity I > 2(I). The structure was solved by direct methods 

using SHELXT program, which revealed the position of all non-hydrogen atoms, and then 

refined with full-matrix least-square methods based on F
2
 (SHELXL) [16] included in the 

WINGX program [17]. A final refinement on F
2
 converged at R(F

2
) = 0.061 and wR(F

2
) = 

0.152. The crystallographic data and the structure refinements are summarized in Table 1. An 

ORTEP drawing of the molecular arrangement is shown in Fig. 1a. 

The experimental IR spectrum was obtained on Perkin-Elmer FT-IR 1000 spectrometer 

equipped with a diamond micro-ATR access at room temperature in the frequency range 

4000-400 cm
-1

. Solid state UV-Vis spectrum was performed on a Perkin Elmer Lambda35 

spectrophotometer from the range of 200–800 nm. Fluorescent spectra were recorded for the 

solid sample at room temperature with Perkin-Elmer LS55 spectrofluorometer. 

2.3. Computational details 
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In this theoretical study, all the calculations were performed using the GaussView  program 

[18] and the Gaussian 09 software package [19] by using the Density functional theory (DFT) 

with the Becke-three-parameter hybrid exchange functional combined with the Lee-Yang-Parr 

correlation functional (B3LYP) [20,21]  levels, the 6-311++G(d,p) basis set was used for all. 

In order to analyze the intramolecular interactions, Hirshfeld surfaces and their associated 

two-dimensional fingerprint plots were performed by the Crystal Explorer version 3.1 

software [22] program imported on a CIF file. The topological properties were calculated by 

the Multiwfn program package [23] as well as the reduced density gradient are graphed by 

Multiwfn and plotted by the VMD program [24]. Frontier molecular orbitals (HOMO, 

LUMO), band gap and molecular electrostatic potential (MEP) were also computed.  

 

 

2.4. Antibacterial activity determination 

The antimicrobial activity of the title compound against four different pathogenic 

organisms, two pathogenic gram-negative strains such as Escherichia coli ATCC 8739 G(-) and 

Salmonella typhimurium ATCC 14028 G(-) gram and two pathogenic gram-positive strains 

such as Staphylococus aureus ATCC 6538 G(+) and Enterococcus feacium ATCC 19434 

G(+) by the modified agar diffusion method [25-27].  

A suspension of the tested microorganisms was spread on the appropriate solid media 

plates and incubated overnight at 37°C. After 1 day, 4-5 loops of pure colonies were 

transferred to saline solution in a test tube for each bacterial strain and adjusted to the 0.5 

McFarland turbidity standards (~10
8 

cells/mL). Sterile cotton dipped into the bacterial 

suspension and the agar plates were streaked three times, each time turning the plate at a 60° 

angle and finally rubbing the swab through the edge of the plate. Sterile paper discs (Glass 

Microfibre filters, Whatman; 6 mm in diameter) were placed onto inoculated plates and 

impregnated with the diluted solutions in sterile water. Ampicillin (10μg/disc) was used as 

positive control for all strains except Candida albicans for which Nystatin (100μg/disc) was 

used. Inoculated plates with discs were placed in a 37°C incubator. After 24 hours of 

incubation, the results were recorded by measuring the zones of growth inhibition surrounding 

the disc. Clear inhibition zones around the discs indicated the presence of antimicrobial 

activity. The test was run in duplicate.   
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The antifungal activity of this compound and the reacting agents were tested against the 

fungi, Candida albicans ATCC 10231. Nystatin was used as standard fungicide and DMSO 

served as a resource of control. 

3. Results and discussion 

3.1. X-ray diffraction and geometry optimization 

2-methylbenzylammonium perchlorate crystallizes in centrosymmetric monoclinic 

system, space group P21/c (Table 1). The crystal has four formula units per unit cell with the 

lattice constants a = 6.8894 (5) Å, b = 4.9146 (4) Å, c = 29.6565 (18) Å and  = 96.006(2)°. 

The Ortep representation and the optimized geometric model of (C8H12N)ClO4 are shown in 

Figs.1a,b. 

The asymmetric unit is comprised of one cationic entity (C8H9NH3
+
) and one anionic 

entity (ClO4
-
) (Fig. 1a). The cohesion between (C8H9NH3

+
) cations and (ClO4

-
) anions is 

ensured by C-H...O and N-H…O hydrogen bonds to form a three-dimensional network (Fig. 

2a). 

 

The projection of the atomic arrangement of the title compound along the [100] 

direction displayed in Fig. 2b clearly shows that the perchlorate ClO4 entities are located in 

position z=0 and z=1/2 between which the organic cations are inserted in zigzag along c in 

position z=1/4 and z=3/4.  

The bond lengths and the bond angles obtained from the X-ray crystallographic data 

are compared with computational results by B3LYP/6-311++G(d,p) method, as shown in 

Table 2. 

The perchlorate anion is composed of a chlorine atom bonded to four oxygen atoms 

giving rise to distorted tetrahedron. The Cl-O distances bonds vary from 1.411(3) Å to 

1.430(2) Å for XRD and 1.468 Å to 1.532 Å for DFT. The O-Cl-O bond angles range from 

108° (17) to 110.7°(2) for XRD and 106.07° to 112.54° for DFT which confirms the 

distortion of the tetrahedron. These bond lengths and angles (Table 2) are in good agreement with 

those observed in similar compounds based on perchlorate [28,29]. In this structure, the average 

values of the distortion parameters of the ClO4 are calculated by using Baur method [30]. The 

values of the distortion indices were DI (ClO) = 0.004; DI (OO) = 0.0055 and DI (OClO) = 

0.0093, show a strong distortion of OClO angles compared to O-O and ClO distances. It can 
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be assumed that ClO4 tetrahedra are formed by a regular arrangement of oxygen atoms, with 

chlorine atom is slightly displaced from the center of gravity of the tetrahedron.  

Concerning the organic cation, the protonation on the N site is confirmed from the 

elongated C-N bond distance it is equal to dN-C = 1,472(4) Å (1,509 Å: calculated) (Table 2) 

and the angles values of N-C-C are 112,5°(2) (111,4°: calculated). The C-C bond lengths in 

the phenyl ring varying from 1.372(5) Å to 1.406(4) Å with an average values 1.389 Å for the 

observed XRD values and 1.3911 Å to 1.409 Å for the calculated values. The C-C-C angles 

extend from 119.1° (3) to 122.3° (3). These results are similar to those observed in other 

compounds with similar amine [31,32]. 

The aromatic ring of the cation is essentially planar with an r.m.s deviation (root mean 

square) of 0.0029Å. These values show clearly that the carbon ring in the phenyl groups is 

regular. 

The organic cations are approximately parallel and equidistant from each other as 

shown in Fig.2c. Besides, the shortest distances between the centroids of the rings is 4.915 Å 

excluding the presence of   stacking interactions. 

We notice that the optimized values and experimental bond length and angle are 

slightly different. This difference is due to that the experimental data was obtained in the solid 

state while theoretical calculations were performed in the gas phase without considering 

lattice interactions. On average the observed and calculated parameters were approximately in 

good agreement with the experimental one. 

The hydrogen bonds play an important role in stabilizing the crystal packing in 

particular the hydrogen atoms bonded to the 2-methylbenzylammonium contribute to the 

formation of N-H…O and C-H…O hydrogen bonding pattern with perchlorate anions where 

N-H…O with donor-acceptor distances varying between 2.861 (3) Å and 2.927 (5) Å and C-

H…O range from 3.459 (4) Å to 3.549 (4) Å (Table 3). Organic cations are also connected 

together via C…H-𝞹 interactions forming subsequently thick infinite sheets situated around 

z=1/4 and ¾ (Fig. 2b) with donor-acceptor distances 3.997Å and 4.120 Å. Indeed inside this 

arrangement (Fig. 2c), the entities are interconnected via multiple hydrogen bonds generate 

rings forming 𝑅4
4(12) and 𝑅1

2(5) motifs. 

 

3.2. Hirshfeld surface analysis 

The Hirshfeld surface analysis was carried out in order to examine the intermolecular 

interactions present in the crystal structures. Using the CIF files Crystal-Explorer 3.1 [22] can 

compute the Hirshfeld surface and then the fingerprint plots.  
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The Hirshfeld surface of the title compound is displayed in Fig. 3, showing surface 

that have been mapped over a dnorm, Shape index and curvedness properties of the 

(C8H12N)ClO4 compound. The representation in dnorm shows a surface with a color scheme 

where the bright red region illustrates shorter contacts (dnorm < 0) and indicate the existence of 

N-H ...O and C-H …O hydrogen bonding. The blue spots illustrate the longest contacts in the 

structure (dnorm > 0) and the white spots is used for the contacts around the sum of van der 

Waals separation (dnorm = 0). The shape index cartography shows that there are no adjacent 

red and blue triangles and the small flat segments delineated by blue contours on the 

curvedness mapping exclude the presence of  interactions in our crystal structure. 

  

The overall two dimensional fingerprint plot and the two-dimensional fingerprint plots 

are used to analyze the contribution of every intermolecular interaction in crystal structure 

stabilization and illustrated in Fig. 4. The examination of these plots show that the major part 

of the surface of Hirshfeld is occupied by the contacts O ⋯ H / H ⋯ O (44%) which are 

attributed to the hydrogen bonds of type C-H… O and N-H… O. They are characterized by 

two pointed and symmetrical points with a sum of (de + di ~ 1.85Å) which is less than the sum 

of the van der Waals radii (H: 1.09Å, O: 1.52 Å) which confirms that these intermolecular 

contacts are considered as close contacts. 

H… H contacts comprise 34.1% of the total Hirshfeld Surface and appear with high 

concentration in the middle of the fingerprint patch. C… H / H… C contacts are represented 

by a pair of symmetrical wings and cover 14.6% of the entire Hirshfeld surface with a sum of 

(de + di ~ 2.8Å) smaller than the sum of the van der Waals radii of the carbon (3.4 Å) and 

hydrogen (1,09Å) atoms, it confirms that the inter-contact is considered as being close 

contact. These data are characteristic of a C-H… interaction. Finally the C… O/O…C 

(0.2%), C… C (0.7%) and O… O (6.3%) contacts have very low contribution to the Hirshfeld 

surface and they are negligible. 

We have also determined the enrichment ratios (ER) of the intermolecular contacts for 

the molecule. The enrichment ratio ERXY of a pair of chemical elements (X,Y) are obtained 

from the actual contacts between the different chemical species (X,Y) and the theoretical 

proportion of random contacts [33]. The ER values are summarized in Table 4. The 

H…O/O…H appear with an enrichment ratios (EROH = 1.22) are favored in the crystal 

package with the formation of the hydrogen bonds N-H ... O and C-H ... O type. The H…H 

contacts appear with an enrichment ratios close to unity (ERHH = 0.85) this value is in good 

agreement with the expectation of Jelch. The strong enrichment of C…H/H…C contact (ERCH  
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= 1.42) confirm the presence of C-H… stacking, this is confirmed by single crystal structure 

investigation. 

We conclude that the Hirshfeld surface analysis confirms the importance of hydrogen 

bonding in establishing the packing. 

3.3. Vibrational spectral analysis 

In order to give more information about the crystal structure, infrared spectroscopy has 

been used to identify the functional groups present in the crystal and to investigate their 

vibrational behavior in the solid state.  

The infrared spectrum was recorded at room temperature in the 4000-400 cm
-1

 range and 

compared to the theoretical spectrum by using the density functional theory (DFT) method 

associated with the B3LYP/6-311 ++ G (d,p) basis set on the optimized geometries of the title 

compound. The calculated and experimental infrared spectra are shown in Fig. 5. The 

vibrational spectra showed good correlations with the experimental data with slight difference 

between the experimental and the theoretical spectra. These small differences which may be 

due to the fact that the DFT calculations were carried in the gas phase where the crystalline 

packing forces were not considered. 

Vibrations of perchlorate anion 

Based essentially on comparison with previous works reported on perchlorate compounds 

experimental spectra and theoretical calculations, a tentative assignment of the observed 

bands may be proposed [28]. The bands at 854 and 1056 cm
-1

 are assigned to the symmetric 

and asymmetric stretching mode of ClO4
-
 units. The computations data give the frequency of 

these bands at 862 cm
−1

 for the symmetric stretching and 1082 cm
−1

 for the asymmetric 

stretching vibrationss (ClO4
-
). 

The bands appearing at 448 and 623 cm
-1

 correspond to the symmetric and asymmetric 

bending mode of ClO4
-.  The DFT calculation gives these modes at 443 and 573 cm

-1
. 

 

Vibrations of organic cation 

The high wavenumbers observed between 3498 and 3138 cm
-1

 is assigned to the N-H 

asymmetric and symmetric stretching vibration. In the theoretical FT IR spectrum, these 

bands are observed between 3517 and 3148 cm
-1

. 

 

The absorption bands appeared at 3267–3138 cm
−1

 indicated the presence of aromatic 

C–H stretching vibrations and which corresponds to a theoretical value 3168-3118 cm
−1

.  
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The frequencies between 1609 and 1480 cm
-1

 are assigned to the asymmetric and symmetric 

stretching vibrations of NH3
+ 

and C=C stretching vibration of the aromatic ring. The 

calculated peaks are located at 1641 and 1412 cm
-1

. 

The absorption at 3046 and 2936 cm
-1

 are due to the asymmetric and symmetric stretching of 

(-CH2). The DFT computations give the frequency of these bands at 3048 and 3008 cm
-1

. Also 

the bands in the wavenumber region 1111-1019 cm
-1

 are associated to C-H in-plane and out of 

plane bending vibration, C-N stretching vibration and asymmetric and symmetric C-C 

stretching modes. These modes are computed at1092-1002 cm
-1

. 

3.4. NMR chemical shifts 

The 
13

C NMR experimental spectrum of 2-methylbenzylammonium perchlorate 

crystals is shown in Fig. 6. 
13

C NMR chemical shifts computed at B3LYP/6-311 + G (2d,p)   

level of theories with GIAO approach [34] have been compared with the experimental data 

and summarized in Table 5. The method theoretical employed equally give reasonable 

agreement with the experimental values. 

The peak at 20 ppm is due to aliphatic carbon methyl group (C9) whereas the computed 

chemical shift value is 29.386 ppm. The multiplet peaks observed between δ = 39.14 ppm and 

δ = 39.98 ppm have been assigned to the DMSO solvent. The singlet at δ = 38.97 ppm 

(29.386 ppm calculated) is assigned to the carbone (C2) attached to the NH3 amino group. 

Aromatic carbon signals experimentally were appeared in the region 126.11-136.63 ppm for 

phenyl moiety while the chemical shifts of the aromatic carbon atoms theoretically around 

126.033-147.51 ppm. 

 

3.5. Optical Study 

3.5.1. UV spectra 

The experimental and calculated UV–Vis absorption spectra of (C8H12N)ClO4 were 

recorded in Fig. 7a and Fig. 7b. A good correlation between the two spectra is observed. 

The absorption experimental spectrum exhibits two distinct absorption bands centered 

at 264 and 281 nm, respectively. The first band observed at 264 nm is attributed to the * 

transition relating to the aromatic ring of the organic unit. The second band observed at 281 

nm is attributed to the n- * transition of the perchlorate group. The calculated UV–Vis 

spectrum of the same compound displays also two strong absorption at 218 nm and 241 nm 

which is attributed to the n- * and π- π* transitions. Besides, the calculated UV-Vis spectrum 

is consistent with the experimental one. 
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In addition, the gap energy which is the energy difference of the two molecular 

orbitals can be determined from the UV-visible spectrum using the method proposed by Tauc 

[35] which by simple extrapolation of the affine part of the curve [αhν]
2
 as a function of hν as 

shown in Fig. 7c.The value of the gap energy is (Eg = 5.43eV). This value is close to the 

theoretically calculated gap energy. We conclude that the crystal admits a semiconductor 

property and useful for applications in optoelectronics [36]. 

3.5.2. Fluorescence properties 

The luminescent properties of (C8H12N)ClO4 was measured in the solid state at room 

temperature under the excitation of 264 nm. The fluorescence spectra of crystal are given in 

Fig. S1. It shows two luminescence bands; at 271 nm and 348 nm can be assigned 

respectively to π*– π transition of aromatic ring of 2-methylbenzylammonium cation and to 

the n*-transition of the perchlorate group. 

3.6. Frontier molecular orbitals 

The Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied 

Molecular Orbital (LUMO) are the main orbital take part in chemical stability and chemical 

reactivity of species. The molecular orbital plots of title compound (C8H12N)ClO4 are shown 

in Fig. 8, the red and the green colors of the plots correspond to the positive and the negative 

phase. Orbital analysis revealed that HOMO components are localized on the anionic part 

while the LUMO components are mainly located on the organic cation. 

The energies values of molecular orbitals and their energy gap are used to determine 

the global reactivity descriptors according to Koopman’s theorem [37] such as global softness 

(S), electron affinity (A), ionization potential (I), electronegativity (), chemical hardness ( 

electrophilicity index () and chemical potential (μ). All this parameter were calculated at the 

B3LYP/6-311G(d,p) level and tabulated in Table 6. 

The calculated energies values of HOMO and LUMO were found to be -7.571 and -

1.701 eV, respectively, corresponding to HOMO-LUMO gap of 5.870 eV. Also the energies 

of HOMO-1 and LUMO+1 are reckoned at -7.598 and -1.289 eV, respectively. The band gap 

between HOMO-1 and LUMO+1 is observed as 6.309 eV. These results are similar to those 

observed in other compounds with perchlorate anion [38]. 

Note that the high value of the gap energy indicates a high kinetic stability and a low chemical 

reactivity. In addition, it is seen that the  negative values of Chemical potential (μ=-4.636eV) 

shows that the molecule is quite stable. 
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The smaller value of global hardness (=2.935eV) designates that the compound has a high 

polarizability. Moreover, the high ionization potential (I =7.571eV) indicates high reactivity 

of atom and molecule. 

3.7. Quantum theory of atoms in molecules (QTAIMs) analysis 

 

The Bader’s theory of Atoms In Molecules (AIM) [39] is useful to investigate bonding 

nature, energy, and intermolecular interactions. The chemical bond involving in Hydrogen 

bonding is defined by a bond critical point (BCP) [40]. Fig. 9 discloses the molecular graph 

which contains the BCPs in (C8H12N)ClO4 asymmetric unit. It revealed one BCP between non 

bonded atoms O24–H4, and one ring critical point (RCP). The presence of the BCP justifies 

the existence of the N-H…O hydrogen bond. 

The Topological parameters such as the electron density (ρ), Laplacian of electron density 

(
2
ρ) (is the  sum of three eigenvalues of the Hessian matrix (1, , )), eigenvalues of 

Hessian (1, , , Hamilton kinetic energy (H( r )= G(r)+V(r), electron kinetic (G( r )) , 

potential (V(r)) energy densities at bond critical points (BCPs); Bond ellipticity ε ( ε= (λ1/λ2-

1), where λ1 and λ2 are negative eigenvalues of Hessian of the charge density at BCP (λ1< λ2 

< 0 < λ3)) calculated with Multiwfn program [41] provide information about the strength and 

characteristics of the chemical bonds and more particularly the hydrogen bonds. 

According to Rozas et al. [42] the hydrogen bond interactions may be classified as follows: 

Weak hydrogen bonds if ∇ 2
ρ(r BCP) > 0 and H(r BCP) > 0, moderate hydrogen bonds if 

∇ 2
ρ(r BCP ) > 0 and H(r BCP ) < 0 and Strong or very strong hydrogen bonds if ∇ 2

ρ(r BCP ) 

< 0 and H(r BCP ) < 0. Table 7 regroups all the topological parameters calculated at the BCP. 

As shown in this table the value of 

 is positive 1.748532675.10

-2
 a.u, and the energy 

density is also positive 4.045385929.10
-3

 indicates that the interaction of the hydrogen bond is 

weak. We can see also the low value of density and positive values of its Laplacian (∇2
ρ(O24 

–H4) ) at the BCP indicate the presence of significant hydrogen bond interactions.  

 

3.8. Reduced density gradient (RDG) analysis 

The fundamental objective of this analysis is to study the non-covalent interactions the 

different entities in areas or regions of low density. RDG analysis shows color codes that 

reveals graphical visualization of weak interactions such as repulsive interactions, van der 

Waals interactions and hydrogen bonds. Fig. 10 presents the highlights of the RDG function 

isosurface with sign(λ2)ρ coloring scheme for (C8H12N)ClO4. Generally we can determine the 

types of interactions by examining the sign of the second eigenvalue λ2, which is a good 
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indicator of the stabilizing or destabilizing character of an intermolecular interaction (Fig. 

S2). The positive (λ2 > 0) and negative (λ2 < 0) signs correspond respectively to the repulsive 

and attractive regions. From the sign  it is possible to evaluate the bond strength. The 

blue-colored peaks with low RDG on the negative x-axis (λ2 < 0) refer to attractive 

interactions and in particular to strong hydrogen bonds N –H… O and C-H…O. The red 

peaks in the ring center and around methyl and methylene with high RDG values (λ2> 0) 

correspond to destabilizing repulsive interactions which show a strong steric effect  and in 

particular to C-H …  interactions similar to those found in benzene [43,44] where a large 

RDG surface appears that encompasses the whole region of the  aromatic ring. 

3.9. Molecular electrostatic potential (MEP) 

 

The electrostatic potential map of (C8H12N)ClO4 shown in Fig. S3 illustrates the charge 

distribution of the molecule in three dimensions. In fact, this map is used to determine the 

electrophilic and nucleophilic sites as well as the interactions of the hydrogen bond [45-47]. 

Additionally, the mapped surface of (C8H12N)ClO4 exhibits regions of positive, negative and 

neutral electrostatic potential in terms of color gradation where blue color indicates strong 

attraction (electrophilic attack) while red shows a region of strong repulsion (nucleophilic 

attack) and green indicates the neutral zone. It is worth noticing that the electrostatic potential 

increases in the following order Red <Orange <Yellow <Green <Blue [48]. In this context, 

the red surfaces of the negative potentials shown in Fig. S3 are associated with the free 

doublets of the oxygen atoms come from the perchlorate groups accepting the H
+ 

proton. 

Moreover, the blue areas of the positive potentials are attributed to the ammonium group of 

the 2-methylbenzylammonium cation. Also the nucleophilic site (excess electrons) is 

observed with a dark red color at the level of oxygen atoms bound to ClO4 of anions and the 

electrophilic site (deficient in electrons) is observed  with a dark blue color at the level of the 

hydrogen atoms for ammoniums groups. Hence oxygen is expected to be the most reactive 

site for electrophilic attack and the hydrogen atom will be that of nucleophilic attack in 

molecule. 

 

3.10. Antibacterial activity 

2-methylbenzylammonium perchlorate were screened in vitro as potent antibacterial 

agents against four referential strains: two pathogenic gram-negative strains named 

Escherichia coli ATCC 8739 G(-), Salmonella typhimurium ATCC 14028 G(-) gram and two 
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pathogenic gram-positive strains named Staphylococus aureus ATCC 6538 G(+), 

Enterococcus feacium ATCC 19434 G(+) using disc diffusion method. 

The antimicrobial activity against the microorganisms used in the present study was assessed 

qualitatively and quantitatively in depending on the presence or absence of zones inhibition 

and the diameter of the zone through compared to ampicillin used like antibiotic drug and 

reference. The results of measurements of inhibition diameters are given in the Table 8 and 

displayed in Fig. S4.  

The results reveal that the highest levels marked activity was recorded by 2-

methylbenzylammonium perchlorate against Gram (-) Escherichia coli ATCC 8739 and 

Salmonella typhimurium ATCC 14028 with a diameter inhibition of 8.75mm and 9.5mm, 

respectively. The two bacteria Staphylococus aureus ATCC 6538 G(+) and Enterococcus 

feacium ATCC 19434 G(+)  show less antimicrobial activity. Hence, Gram(-) bacteria were 

more sensitive to this extract than Gram(+). It is worth noting that (C8H12N)ClO4 is active 

against the four microorganisms probably by inhibition of multiplication of these microbes by 

blocking them using hydrogen bonds and van der Waals interactions [49]. 

Evaluation of the anti-Candida activity of compound (C8H12N)ClO4 was performed on 

a clinical strain called Candida albicans ATCC 10231. Table 8 and Fig. S4 summarize the 

results of the antifungal activity against C. albicans of studied compound by measuring the 

diameters of inhibitions by comparing with Nystatin (100 μg) of diameter 19.83mm as 

reference. For antifungal activity, the result was shown an inhibition diameter of value 8.25 

mm. Therefore, the synthesized compound manifested an antifungal effect by annihilation of 

the yeast development route. 

Conclusion 

 

The molecular structure of the novel compound was confirmed by single crystal X-ray 

structural analysis. The crystal structure of is stabilized by N-H…O, and C-H…O hydrogen 

bonds. Moreover, 2-methylbenzylammonium shows a C-H…π interaction adding extra 

stability to the three-dimensional architecture. Hirshfeld surface analysis proved that the 

structure was stabilized by hydrogen bonding. The optimized geometric parameters (bond 

lengths and bond angles) were theoretically determined and compared with the experimental 

results. Optical properties show an important Gap energy confirming the semiconductor 

behavior. The 
13

C NMR chemical shift has well coherent with experimental and theoretical 

result. The non-covalent interactions were studied through AIM and RDG analysis. The 

HOMO-LUMO gap is 5.870 eV for compound which indicates the chemical stability. Finally, 
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the material show potent antimicrobial efficacy against two pathogenic microbes which can 

make them applicable as antibacterial agents. 
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Figure captions 

Fig. 1. ORTEP drawing of (C8H12N)ClO4 with atoms-labeling scheme. Displacement 

ellipsoids are drawn at the 30% probability level. Hydrogen bonds are denoted as dashed lines 

(a) and the optimized molecular structure (b). 

Fig. 2. Projection of the (C8H12N)ClO4 structure along the crystallographic b-axis (a) (Red 

dashed lines indicate Hydrogen bonds) and along the a-axis (b) (Green dashed lines indicate 

C-H…π interactions. Hydrogen bond graphs in (C8H12N)ClO4 (c).  

Fig. 3. A view of Hirshfeld surface mapped with dnorm [-0.562 - 1.192] (a), shape index [-1 – 

1] (b) and curvedness [-4 - 4] (c) for (C8H12N)ClO4.

Fig. 4. Two-dimensional fingerprint plots of (C8H12N)ClO4. 

Fig. 5. The experimental and theoretical infrared spectra for (C8H12N)ClO4. 

Fig. 6. The experimental 13C NMR spectrum of (C8H12N)ClO4. 

Fig. 7. The experimental (a) and calculated (b) UV-Vis spectra of 2-methylbenzylammonium 

perchlorate. The energy gap of the title compound (c). 

Fig. 8. Frontier molecular orbitals of (C8H12N)ClO4. 

Fig. 9. Graphical representations of the AIM analysis of (C8H12N)ClO4. 

Fig. 10. RDG function isosurface with sign(λ2)ρ coloring scheme for( C8H12N)ClO4. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. ORTEP drawing of (C8H12N)ClO4 with atoms-labeling scheme. Displacement 

ellipsoids are drawn at the 30% probability level. Hydrogen bonds are denoted as dashed lines 
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Fig.3. A view of Hirshfeld surface mapped with dnorm [-0.562 - 1.192] (a), shape index [-1 – 

1] (b) and curvedness [-4 - 4] (c) for (C8H12N)ClO4. 



 
Fig.4. Two-dimensional fingerprint plots of (C8H12N)ClO4. 
 



 

Fig.5. The experimental and theoretical infrared spectra for (C8H12N)ClO4. 

 



 

Fig.6. The experimental 13C NMR spectrum of (C8H12N)ClO4. 



 

Fig.7. The experimental (a) and calculated (b) UV-Vis spectra of 2-methylbenzylammonium 
perchlorate. The energy gap of the title compound (c). 
 

 

 

 

 

 

 

 



Fig. 8. Frontier molecular orbitals of (C8H12N)ClO4. 
 
 

 



 

Fig. 9. Graphical representations of the AIM analysis of (C8H12N)ClO4. 

 



 

Fig. 10. RDG function isosurface with sign(λ2)ρ coloring scheme for( C8H12N)ClO4. 

 

 

 

 

 

 

 

 

 

 

 
 

 



Table Captions 

 

Table 1. Crystal data and experimental parameters used for the intensity data collection 

strategy and results of the structure determination. 

Table 2.Theoretical and experimental bond distances (Å) and angles (°) for (C8H12N)ClO4. 

Table 3. Hydrogen-bond geometry of (C8H12N)ClO4. 

Table 4. Enrichment ratio of different inter-contact and percentage of each atom on the 

surface Hirshfeld in (C8H12N)ClO4. 

Table 5. Theoretically computed and Experimental carbon NMR chemical shifts. 

Table 6. Global reactivity descriptors the computed for the title compound. 

Table 7. Topological parameters of (C8H12N)ClO4. 

Table 8. Diameters of the Inhibition Zones of different strains for (C8H12N)ClO4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 1. Crystal data and experimental parameters used for the intensity data collection 

strategy and final results of the structure determination. 

 
Temperature      150 K 
Empirical formula     C8H12N(ClO4) 
Formula weight (g mol-1)    221.64 
Crystal system     monoclinic 
Space group       P21/c 
a       6.8894 (5)Å 
b       4.9146 (4) Å 
c       29.6565 (18) Å 
α                                                                                90° 
β                                                                                96.006 (2) ° 
γ                                                                                 90°                                                              
Ζ                4 
V           998.62(12) Å3 
F(000)       464 
µ(Mo Kα)        0.37 mm-1 
Index ranges         -8 ≤  h ≤ 8, -5 ≤ k ≤ 6, -38 ≤  l ≤ 37 
Reflections collected     7298 
Independent reflections     2282 
Reflections with I > 2σ(I)    1948 
Rint       0.049 
Absorption correction: multi-scan   Tmin= 0.830, Tmax = 0.914 
Refined parameters        103 
R[F2> 2σ(F2)]      0.061 
wR(F2)               0.152 
Goodness of fit               1.05 
∆ρmax = 0.69 e Å-3     ∆ρmin = −0.81 e Å-3 

 

 

  



Table 2. Theoretical and experimental bond distances (Å) and angles (°) for (C8H12N)ClO4. 
 

                Experimental  Theoretically 
calculated  

         Bond-lengths 
 

N1-C2 1.472(4) 1.509 
C2-C3 1.509(3) 1.508 
C3-C4 1.390(4) 1.400 
C3-C8 1.406(4) 1.409 
C4-C5 1,389(4) 1.391 
C6-C7 1.372(5) 1.392 
C5-C6 1.383(5) 1.393 
C7-C8 1.395(4) 1.399 
C8-C9 1.504(4) 1.513 
Cl22-O23 1.411(3) 1.532 
Cl22-O24 1.4270(19) 1.530 
Cl22-O25 1.420(3) 1.475 
Cl22-O26 1.430(2) 1.468 
   

    Bond-Angles 

 

N1-C2-C3 112.5(2) 111.38 
C5-C8-C9 119.3(3) 118.22 
C8-C3-C2 121.1(2) 121.68 
C4-C3-C8 119.6(2) 120.10 
C5-C4-C3 121.3(3) 120.86 
C6-C5-C4 119.1(3) 119.37 
C7-C6-C5 119.9(3) 120.00 
C6-C7-C8 122.3(3) 121.52 
C7-C8-C9 119.8(3) 119.56 
O1-Cl1-O2 110.55(18) 106.07 
O1-Cl1-O3 110.7(2) 109.12 
O1-Cl1-O4 108.00(17) 109.80 
O3-Cl1-O2 108.25(15) 109.33 
O2-Cl1-O4 110.36(15) 109.77 
O3-Cl1-O4 109.01(19) 112.54 
 

 

 

  



Table 3. Hydrogen-bond geometry of (C8H12N)ClO4. 

D—H…A D—H (Å) H…A (Å) D…A (Å) D—H...A(°) 

N1—H1A···O4i 0.89(4) 1.99(4) 2.876 (4) 168(4) 
N1—H1B···O1ii 0.77(4) 2.19(4) 2.927 (5) 161(4) 
N1—H1C···O2 0.92(4) 1.96 (4) 2.861 (3) 168(4) 
C2—H2A···O4iii 0.99 2.61 3.549 (4) 159 
C2—H2B···O1iv 0.99 2.64 3.459 (4) 140 
C2—H2A···Cgv 0.99 3.46 3.997 116 
C6—H6···Cgvi 0.95 3.45 4.120 129 

Symmetry codes: (i) −x+1, −y+1, −z+1; (ii) −x+2, −y+1, −z+1; (iii) −x+1, −y+2, −z+1; (iv) 
−x+2, −y+2, −z+1 ; (v) –x+2, y+1/2, -z+3/2; (vi) x, y-1, z.  
Cg (gravity center of the ring C3-C4-C5-C6-C7-C8) 
  



Table 4. Enrichment ratio of different inter-contact and percentage of each atom on the 

surface Hirshfeld in (C8H1 2N)ClO4. 

Enrichment ratio H C O 

H 0.85 1.42 1.22 

C  -  

O   - 

%  Surface 63.4 8.1 28.4 

 

  



Table 5. Theoretically computed and Experimental carbon NMR chemical shifts. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Atoms 

Experimental 
chemical shift 

in ppm 

Calculated chemical shift in ppm 

 
TMS B3LYP/6-311+G(2d,p) GIAO (ppm) 

C2 38.97 29.386 

C3 136.63 147.51 

C4 130.39 129.159 

C5 128.59 129.159 

C6 126.11 126.033 

C7 128.91 129.159 

C8 132.15 134.868 

C9 18.69 29.386 



Table 6. Global reactivity descriptors the computed for the title compound. 

 

Parameters (eV)             Values 

EHOMO -7.571 

ELUMOMO -1.701 

Energy band gap |EHOMO–ELUMO| 5.870 

EHOMO-1 -7.598 

ELUMO+1 -1.289 

Energy band gap |EHOMO-1–ELUMO+1| 6.309 

Ionization potential (I = –EHOMO)            7.571 

Electron affinity (A = –ELUMO)            1.701 

Chemical hardness (η = (I–A)/2)            2.935 

Chemical softness (S = 1/2η)            0.170 

Electronegativity (χ = (I+A)/2)            4.636 

Chemical potential (μ = –(I+A)/2)           -4.636 

Electrophilicity index ω = μ2/2η            3.661 

Maximum charge transfer index (ΔΝmax. = –μ/η)            1.579 

 
  



Table 7. Topological parameters of (C8H12N)ClO4. 
 
 H4…O24 

Density of all electrons ρ(r) (a.u.) 1.748532675.10-2 

Lagrangian kinetic energy G(r) (a.u.) 2.494707156.10-2 

Potential energy density V(r) (a.u.) -2.090168563.10-2 

Energy density E(r) or H(r) (a.u.) 4.045385929.10-3 

Laplacian of electron density ∇2ρ(r) (a.u.) 1.159698300.10-1 

Reduced density gradient (RDG) 1.612136507.10-15 

Eigen values of Hessian 1.597841151.10-1 

-2.104380311.10-2 

-2.277048204.10-2 

Ellipticity of electron density(ε) 8.2052.10-2 

Eta index(ζ) 1.42508.10-1 

 

  



Table 8. Diameters of the Inhibition Zones of different strains for (C8H12N)ClO4. 
 
 Inhibition  diameter (mm)  

Name strain\ Disk load (µg) Ampicillin/ Nystatin Extract 

 10µg/100µg 2mg 

Escherichia coli ATCC 8739 G(-) 11.75±0.3 8.75±0.3 

Salmonella typhimurium ATCC 14028 G(-) 13.75±1.0 9.5±0.7 

Staphylococus aureus ATCC 6538 G(+) 35.5±0.7 7.75±0.3 

Enterococcus feacium ATCC 19434 G(+) 26.5±0.7 7.5±0.0 

Candida albicans ATCC 10231 19.83±0.2 8.25±0.3 

All data are expressed as the means ± standard deviation (SD) of triplicate measurements. 
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